For residual stress evaluation in complex substrate-coating-systems, energy-dispersive (ED) diffraction with energies up to 100 keV can be applied to analyze the near interface residual stress state in the substrate, because the high energy white beam penetrates the coating completely. By the example of an Al 2 O 3 /TiCN on WC coating system we have studied the feasibility for using the coating reflections being stored in the ED diffraction patterns together with the substrate diffraction lines to analyze the residual stress state in individual sublayers the coating system consists of. The results indicate that the ED method is suitable to detect even steep intralayer stress gradients, if the diffraction conditions are adapted to the coating geometry.
INTRODUCTION
Residual stress fields in thin films usually are analyzed by means of angle-dispersive (AD) diffraction methods using CrKα-, CoKα-or CuKα-radiation with energies between about 5 keV to 8 keV [1, 2] . The maximum information depth achieved thereby in hard coatings like TiN or Al 2 O 3 is in the range of some microns which corresponds in most cases to the film thickness. AD thin film stress depth-profiling, however, is a time consuming and demanding procedure. It yields the in-plane residual stress distribution within the film, but, as a consequence of the strong X-ray absorption, not in the near interface substrate zone.
Energy-dispersive (ED) diffraction in reflection geometry with high energy synchrotron radiation, on the other hand, has been applied so far only to stress gradient analysis in the nearsurface zone of mechanically treated bulk materials [3, 4] , or as shown recently, in the interfacial substrate zone of coated WC inserts [5] . Only little work has been done so far to use the information stored in the ED diffraction patterns for analyzing film-inherent stresses [6] . Reasons therefore are the (up to now) limited availability of suitable synchrotron sources for ED diffraction and, perhaps, the preconception that high energy diffraction and thin film stress analysis are not compatible.
The investigations presented in this paper are to answer the following questions: 1. Is it possible to use the information on the coating system contained in the ED diffraction patterns in form of the diffraction lines hkl E α to analyze the in-plane residual stress state in the respective (sub)layers α ? 2. If yes, what are the requirements and conditions that have to be fulfilled to be sensitive enough for detecting even steep and (strongly) nonlinear intralayer stress gradients, which are introduced into the coatings by mechanical surface treatment like blasting? Assuming a positive answer to both problems, it would become possible in the future to evaluate the residual stress distribution in the coating-on-substrate system by means of one sin²ψ-measurement performed in the ED mode of diffraction and thus, to save the time consuming step of AD coating residual stress analysis to be carried out separately in the lab.
ENERGY-DISPERSIVE STRESS ANALYSIS IN MULTILAYER SYSTEMS
ED diffraction is based on the measurement of diffraction patterns containing a multitude of interference lines hkl E with each of them coming from another average information depth τ . In contrast to the AD method, the ED experiments are carried out under fixed geometrical conditions, i.e. neither the sample nor the detector are moved during data acquisition. 
The diffraction angle θ in Eq. (1) is an arbitrary parameter that can be chosen freely to adjust the information depth τ for individual reflections hkl E to the sample geometry [4] .
In the following we assume a biaxial residual stress state of rotational symmetry, i.e. 
To make sure (3) allows for separating the contribution of each sublayer from the total diffraction signal. Therefore, it represents the energy-dispersive pendant to a formalism introduced in [7] for multilayer stress gradient analysis by angle-dispersive diffraction.
EXPERIMENTAL

ENERGY-DISPERSIVE X-RAY DIFFRACTION
The ED experiments were carried out at the materials science synchrotron-beamline EDDI [8] at BESSY. The diffraction patterns were recorded by means of a LEGe solid state detector (Canberra Model GL0110), the suitability of which for ED residual stress analysis has been reported recently in detail in [9] . The parameters used for measurement and stress evaluation are summarized in table 1. The angular divergence in the diffracted beam was restricted by a double slit system to Δθ ≤ 0.005°. An asymmetric pseudo-VOIGT function as defined in [7] was used to fit the diffraction line profiles. The DEC were calculated by the ESHELBY / KRÖNER-model with the single crystal elastic constants of Al 2 O 3 taken from [10] . 
SAMPLE PRE-CHARACTERIZATION
For the investigations a commercial cutting insert for turning steel (WPP10 CNMA120412) from Walter AG Tübingen was used. The 20µm multilayer coating was grown by chemical vapor deposition on a cemented carbide substrate. The thin TiN layer on top was removed by blasting the rake face of the insert. Fig. 1 b,c) . The residual stress state within both the Al 2 O 3 -and the TiCN-layer of the sample considered here has been analyzed in detail by means of angle-dispersive X-ray diffraction [7] . Fig. 2 shows the respective results for the Al 2 O 3 -toplayer, which will be used in the following as reference to assess the results achieved here using the energy-dispersive method. Due to the blasting process high surface compressive stresses are introduced into the material which are balanced by tensile stresses already within the toplayer (Fig. 2a) . From Fig. 2b it is to be seen that the resulting stress gradient leads to a strongly nonlinear d-sin²ψ-distribution with a concave curvature at large ψ > 80°. A further consequence of the steep intra-layer stress gradient which has been discussed in detail in [7] is the ψ-dependent asymmetric diffraction line broadening. -distribution (taken from [7] ).
RESULTS
Because the investigated system consists of various crystalline phases with different crystal structure, at least two of them (Al 2 O 3 , WC) being of non-cubic symmetry, the ED diffraction patterns contain a multitude of diffraction lines. The reflections for residual stress analysis were chosen by the condition that they do not overlap with neighboring lines or with escape peaks that appear shifted from the actual diffraction lines by 10 keV (Ge absorption edge) towards lower energies. Fig. 3 shows that this condition is fulfilled for the 012-reflection of the Al 2 O 3 -toplayer at 2θ = 6° and 11°, respectively. The asymmetry found for the 012-Al 2 O 3 diffraction lines is due to the steep stress gradient and will be discussed later. The sin²ψ-distribution evaluated from the measurements performed at 2θ = 11° (Fig. 4b) , on the other hand, is in good agreement with the results shown in Fig. 2 , which were obtained by conventional AD diffraction in the lab. The two sin²ψ-plots can be compared directly, because both reflections 012 (ED measurement) and 024 (AD measurement) belong to the same lattice plane family {012} the elastic behavior of which is defined by the DEC given in Table 1 . Therefore, we applied the same formalism briefly outlined in section 2 (for more details see [4, 7] ) to evaluate the residual stress depth distribution in the Al 2 O 3 sublayer (Fig. 5) . The profiles obtained in the experimentally accessible Laplace space and in the real space, σ || (τ) and σ || (z), respectively, agree well with those obtained from the AD analysis shown in Fig. 2 . Caused by the higher penetration of the 18.6 keV X-rays compared to CuKα-radiation (8 keV) , the gap between the surface and the minimum information depth is larger in the ED case (see discussion). is the strain-free direction of a biaxial stress state of rotational symmetry. The simulated profiles in Fig. 6 , which were obtained by applying the formalism introduced in [7] for the AD case to the ED method used here, confirm the experimental findings at least qualitatively. 
DISCUSSION
For the interpretation of the significant differences in the results of the ED residual stress analysis performed at different diffraction angles θ the information depth ξ i achieved for different geometrical conditions have to be taken into account. Because we consider here a layer with a thickness D = 14 µm, which is (much) smaller than the 1/e X-ray penetration depth τ = 1/μk for bulk material, where D >> τ, ξ i differs from τ by an amount which depends on D [11] : It follows directly from Fig. 7 that X-ray residual stress analysis becomes more surface sensitive with decreasing photon energy. This agrees with the experimental results obtained for the ED measurements at 18.6 keV (see Fig. 4b and 5 ) and the AD measurements with CuKα-radiation, which were used here for comparison (cf. Fig. 2 ). Due to the considerably lower diffraction angles in ED diffraction, it should become possible (at least theoretically) to reduce the minimum information depth for the same inclination angle ψ to values which are smaller than those accessible by AD diffraction. This is demonstrated in Fig. 7 by the example of a hypothetical ED sin²ψ-experiment at 2θ = 25.6° (dotted line), where the 012-Al 2 O 3 diffraction line would appear at 8 keV, which corresponds to the energy of CuKα-radiation. In this case a minimum information depth of about 0.3 µm achieved at ψ = 88°, which is half the amount obtained in the AD experiment using 8 keV CuKα-radiation, where the 024-Al 2 O 3 line occurs at 52.6° on the 2θ -scale. ED experiments at 'large' scattering angles 2θ > 20°, however, do not only lead to a shift of the diffraction lines towards smaller energies but also to a 'compression' of the diffraction pattern. Therefore, it has to be checked carefully, that the line to be evaluated does not overlap with neighboring lines or escape peaks.
Concerning the line profile asymmetry shown in Fig. 6 , we observed the same effect in the AD measurements and demonstrated in [7] by simulations that the asymmetry is due to the steep inplane residual stress gradient, which leads to a significant variation of the measured lattice parameters even within the τ-range being covered during the θ−θ -scan. In ED diffraction experiments performed under fixed geometrical conditions, the asymmetry (and its variation with ψ) is caused by the variation of the linear absorption coefficient μ as a function of the photon energy E. Smaller energies at the 'low-energy side' of the line profiles are stronger absorbed than higher energies on the 'large-energy side', and therefore, contain information from depth zones which are closer to the surface.
The in-plane residual stress gradients in the z-space obtained from both, AD and ED diffraction experiments (cf. Fig.s 2a und 5) are very steep. According to [12] they are 'intralayer' gradients, because the high compressive surface stresses are balanced by tensile stresses within one sublayer. Although the compensation occurs within a very small surface region, there are no restrictions from theory of elasticity (boundary and equilibrium conditions) which would forbid the existence of such steep gradients for the surface parallel (in-plane) stress component. Furthermore it should be emphasized, that the extreme gradient is the result of a special mechanical surface treatment (grit blasting) which was applied to tailor a beneficial residual stress depth distribution within the coating system. In this respect the observed stress profile represents a favorable configuration, since it combines high compressive stresses at the direct surface with low stresses at the interface, which is important to prevent layer delamination.
CONCLUDING REMARKS
Concerning X-ray stress analysis, energy-dispersive diffraction using high energy photons is usually applied to study the residual stress distribution in deeper material regions such as the interfacial substrate zone of coated cutting tools. The goal of present investigations was to check, if and under which conditions the coating reflections, which are measured simultaneously with the substrate reflections in the same ED diffraction pattern, can be used for analyzing the coating residual stress state. By the example of a steep intralayer residual stress gradient introduced by blasting into an Al 2 O 3 coating we found out that the '(surface-)layer sensitivity' of the ED method strongly depends on the diffraction conditions (diffraction angle, position of the diffraction line in the ED spectrum, geometrical beam pathway within the sample). Therefore, the experimental parameters have to be adapted carefully to the respective case and sample to be investigated.
